A detailed analysis of the reactive processes taking place in Co-Li 2 C0 3 was performed by use of thermogravimetry and X-ray diffraction. A reaction model is proposed which accounts for the nature, stoichiometry, and amount of the phases present, at room temperature, in samples subjected to different thermal treatments. In particular it is shown that the thermal treatment influences substantially the final lithium content and the relative amount of the Li-containing phases. The results obtained for powdered samples are compared with those obtained in a previous work for plaques.
Introduction
A major problem in molten carbonate fuel cells is the stability of the cathode [1] . In [2] it was suggested that the stability of such cathodes my be improved by the use of cobalt-based materials, and it was argued that a likely candidate is solid Co-Li 2 C0 3 . In the present paper the reactive processes taking place in this promising system are analysed in detail.
Experimental

Products
Cobalt powder (Matthey, 99.8%, 1.6 pm) and lithium carbonate (Merck, 5671) were used as starting materials. The metal was used as supplied for pure cobalt samples. The other samples were obtained from mechanical mixtures of the reagents, carefully ground and stored at room temperature (rt.). The composition of the primary mixtures was x Li = 0.0974 and x Li = 0.2017 (x Li = lithium cationic fraction). In the following these compositions will for simplicity be referred to as x Li = 0.10 and x Li = 0.20, respectively.
Apparatus and Procedures
Thermogravimetric Measurements
Thermogravimetric data were collected with a "Stanton Redcroft" 762 TGA thermobalance conReprint requests to Prof. A. Marini. trolled by a "Rheometric Scientific" Thermal Analysis System. Unless otherwise noted, for the measurements samples weighting 30-40 mg were placed in a Pt-Rh crucible in air. Most of the measurements involved three steps:
1. Heating at 2°C/min from rt. to a final temperature T f in the range 900-1200°C. 2. Annealing at T f for between 0 and 5 hours. 3 . Cooling down to rt. at 2°C/min, unless otherwise marked.
After each run, the portion of sample recovered from the TGA pan (TG sample) was analyzed by XRD, and the results were correlated with the thermogravimetric information.
Diffractometric Measurements
XRD data were collected at rt. with a Philips PW 1710 diffractometer equipped with a Philips PW 1050 vertical goniometer and a graphite bent crystal monochromator, using the Cu KCC radiation (Xa x = 1.5406 Ä; K(X 2 = 1.5443 Ä). A slice of a single crystal of silicon served as "sample holder": the TG samples (reground if necessary) were dispersed on its surface with the help of a few drops of acetone. Data were collected in the angular range 10° < 2$ < 110° in the step scan mode (step = 0.03°, counting time = 1 s). The structural data and the relative amounts of the different phases were estimated by Rietveld refinement [3] with the programs DBW3-2S [4] and WYRIET, version 3.5 [5] . The stoichiometry of the phases was obtained from the TGA experiments (see below). For each sample, the parameters were determined with a recursive least squares procedure. The sample displacement (zero order correction) was determined once, in the first run, while all other parameters were iteratively refined: in each run a new set of variables was added, and the refined parameters of the previous run were used as initial values. The sets of variables were:
1. scale factors, zero error (fixed in all the successive steps) and one coefficient for polynomial background; 2. lattice parameters; 3. three more coefficients for polynomial background; 4. profile parameter (u, w, y) and asymmetry for the pseudo Voigt profile function [6] ; the variables involved in the Gaussian component of the profile and the asymmetry parameters were assumed to be the same for all the phases of the sample; 5. isotropic thermal factors for all the atoms; oxygen coordinates in the Co 3 0 4 spinel [x, x, x (O)] and in the layered
The refinement of the preferred orientation parameter for the hOO planes of the CoO structure was carried out according to the March-Dollase equation [8] , and was performed only for samples with the larger amounts of the disordered CoO-type phase. The orientation parameter and isotropic thermal factors of this disordered phase obtained from CoO-rich samples were used without refinement in the analysis of samples with low CoO content. The relative amounts of the different components were calculated following the procedure of Hill and Howard [9] and corrected for microabsorption effects. ment between the TGA data and the weight changes evaluated according to this reaction scheme shows that the reactions yield stoichiometric products.
TGA of Li-containing Samples
A typical TGA plot of a lithium containing sample is shown in Figure 2 . The weight initially increases because of the Co oxidation; before the Co 3 0 4 CoO transformation takes place, the weight decreases due to decomposition of Li 2 C0 3 . The weight decreases also during the annealing at T f ; the amount of decrease depends upon the sample composition and becomes larger with increasing temperature (T f ) and duration (t) of the annealing.
A careful quantitative analysis is needed to identify the products present at the various plateaux of the TGA run, where the weights are m 1( m 2 , m 3 , and m 4 (see Figure 2 ). For convenience, all the weights will be Figure 1 shows a typical TGA curve of a pure Co sample. As shown in our previous work [2] , the first product of oxidation is Co 3 0 4 , which transforms into CoO near 930 °C. From the trace it is clear that this transformation is reversible. The measured mass changes (percentages) at the different stages of the TGA curve (see Fig. 1 
Results and Discussion
TGA of Co Samples
n Li 2 0 + (2/3) n Co 3 0 4 + (n/6) 0 2 2n LiCo0 2 .
The coefficient n was added as a factor normalizing to 100 g of starting mixture (n represents the moles of Li 2 C0 3 in 100 g of the starting mixture). By interpreting the chemical formulas as the corresponding molecular weights, the reaction equations become stoichiometric relationships which yield directly the calculated weights m icalc .
The weight decrease from m y to m 2 (see Fig. 2 ) is due to transformation of the Co 3 0 4 left by reaction (3) into CoO:
The weight changes calculated for (1)-(4) are reported in Table 1 Very likely this is due to an oxygen deficiency of LiCo0 2 , which will be henceforth written as LiCo0 2 _ x . Consequently, (3) must be rewritten as
The mean values of x can be obtained from the equation (1), (2), (3), and (4) (see text). i = 0.10 x, i = 0.20 from which it follows x = 0.14 for x Li = 0.10 ,
These values of x have been used in the X-ray refinement.
Equations (1), (2), (3'), and (4) describe the first heating step of the TGA run for Li-containing samples. Before analysing the annealing and cooling stages of these samples, we discuss the XRD findings. Table 2 lists compositions and lattice parameters of Co samples subjected to different thermal cycles. In the experiment with 3 h annealing at 1100 °C, only the Co 3 0 4 phase is present at the end. Traces of CoO begin to appear with t = 5h and T f = 1100°C. With T { = 1200'C, the fraction of CoO is appreciable after 1 h annealing and increases on increasing t and the cooling rate. Such a behaviour is consistent with that found on cobalt based plaques [2] , and confirms that not all the CoO, which is the only phase at T f , reverts to Co 3 0 4 during cooling; either the degree of sinterization is too high, or the cooling rate too fast to let the oxygen penetrate the bulk of the grains.
XRD of Pure Co Samples
XRD of Li-containing Samples
The results of the X-ray refinement of the samples with lithium are summarised in Tables 3 and 4 . Within the experimental error, the lattice constants of Co 3 0 4 are the same for x Li = 0.10, x Li = 0.20, and for pure Co samples. This result is reinforced by the TGA data, which imply that stoichiometric Co 3 0 4 is always obtained at rt., independently of the Li content.
The lattice parameter of the CoO phase takes appreciably different values for x Li = 0.10, x Lj = 0.20, and the Co samples. We may assume that a solid solution of the type Li^Co^O, rather than the "pure" CoO, may be obtained when lithium is present, and that the CoO lattice parameter decreases monotonically with y. If this is the case, it can be deduced from Tables 3 and 4 that the composition of this solid solution depends on x Li , but not on the thermal treatment. Furthermore, since the x Li = 0.10 samples have the smallest lattice parameter, they have also the highest y value [10] . As stated before, the samples with lithium contain also a non-stoichiometric LiCo0 2 _ x phase, where the oxygen deficit (x) was determined to be higher for the x Lj = 0.10 than for the x Li = 0.20 samples. This is probably not a case and suggests that the x and y are essentially the same.
The final lithium fraction x Li f , correlates, positively and strongly, with the fraction of LiCoC0 2 . Such a linkage is particularly evident in the x Li = 0.20 samples (Table 4) . Obviously, a final Li fraction smaller than the initial one means that an appreciable amount of lithium has volatilized; consequently, also the per- centage of LiCo0 2 _ x should be smaller than expected. It is worth noting in Table 4 that, when T f = 1200°C, the LiCo0 2 _ x fraction decreases with the annealing time, while the Li^Co^^O phase increases. This suggests that L^Co^O, forms as a result of the decomposition of LiCo0 2 _ x .
TGA of Li-containing Samples During Annealing
In discussing Fig. 2 , we remarked that a weight loss takes place during annealing, which is related with x Li , but also with T f and t. The XRD evidence suggests that the weight decrease is due to loss of Li 2 0. If we put x = y, as suggested by our data, and assume that the only process responsible for Li^Coj _ y O formation is decomposition of LiCo0 2 _ x , we can write
where a is a coefficient (0 < a < 1). Therefore, if Li x Co!_ x O formation takes place, according to this scheme, the weight decrease at T f is due to loss of Li 2 0 and oxygen. Tables 5 and 6 , along with the values experimentally determined through X-ray refinement. The agreement is acceptable for a gentle annealing, but the model gives an underestimate of the Li x Co 1 _ x O fraction determined by X-ray, which is the larger the higher T { and the longer t. Such a behaviour suggests that this phase can be formed from LiCo0 2 _ x decomposition, as per model A, and also by the solid state reaction
where ß is a coefficient (0 < ß < 1). If an a fraction of the LiCo0 2 _ x phase reacts according to (5) and a ß fraction according to (7) , the total reaction during annealing will simply be the sum of (5) and (7), i.e.
Since the CoO which has formed Li x Co!_ x O at high temperature will not transform to Co 3 0 4 during cooling, the reaction taking place in going from T f to rt. should be written as
The model described by (8) and (9) [together with (1), (2), (3'), and (4) 
Comparison Between the Reaction Models
The need to introduce (7) came from the worsening of the agreement between model A and the experimental data when T f and t increase. As a consequence, the two models present almost the same reaction picture at the lowest T f and shortest t (Tables 5.1, 5.2 and 6.1, 6.2). On the other hand, only model A* is compatible with the XRD findings for samples annealed at 1200°C for more than 1 h; in other words, the role of the reaction (7) The amount of L^Co, _ x O produced is not related in a simple way with the weights a and ß of the two Tables 5 and 6 reactions (5) and (7); for example, with x Li = 0.20 identical amounts of Li^Co! _ x O are produced by decomposition and by solid state reaction, when ß = 0.10 a, although for t = 5 h, the percentage obtained by solid state reaction is slightly smaller than for t = 3 h. However, this is not in contradiction with the trend of a declining role of decomposition on increasing t, because the 3 h long annealing was not performed in air, as all other runs, but under N 2 flux and a negligible oxygen partial pressure. Under these conditions the only oxygen source is LiCo0 2 _ JC decomposition [reaction (5)]. The above remarks, and the fact that excellent agreement between the total weights measured at the end of the experiments and the calculated final weight is obtained with model A*, but no so with model A, apparently support both the correctness of the refinement procedure and the validity of reaction model A*.
Comments
X-ray Data
The x Li f values obtained by model A* are generally in good agreement with those obtained by X-ray data. However, the latter are generally slightly greater than the former, and it is very likely that the X-ray data slightly overestimate this parameter. This is seen in the Table 6 .1, where the nominal lithium content is x Li = 0.2017. It can be seen in the pertinent tables that, where x Li f is overestimated, the LiCo0 2 _ x mass percentage by X-ray is appreciably greater than that of model A*. In other words, there appears to be a tendency of X-ray refinement to overestimate the amount of the LiCo0 2 _ JC phase. The same trend was found in our previous paper [2] , where an explanation of such a behaviour was proposed.
LiCo0 2 _ x and Li x Co l _ x O Stoichiometry
TGA yields direct evidence for the non-stoichiometry of LiCo0 2 _ x and for the different x values with different nominal composition. A trend in the lattice constants of Li x Co!_ x O points to the non-stoichiometry of this phase. However, there is not a direct evidence that the x value is the same in LiCo0 2 _ x and Li^Co, _ x O. In fact, TGA can not be used to calculate the x value of Li^Co^^O because both the relative amount and the stoichiometry of such a phase are unknown, and only one of these parameters can be obtained from thermogravimetric data. On the X-ray side, the role of x in the refinement is too small to allow such an estimation to be made with XRD. The assumption that the parameter of non-stoichiometry has the same value in LiCo0 2 _ x and Li^Co^^O is proven by the trend of the lattice constants. The reason why the x value of the LiCo0 2 _ x phase is higher when x Li = 0.10 than when x Li = 0.20, is presently not clear. We suspect that there might be an epitaxial growth of the LiCo0 2 phase on the Co 3 0 4 phase, becoming less important when the nominal lithium content increases. Work is in progress to understand this point.
The fact that pure CoO transforms into Co 3 0 4 during cooling and that Li^Co^^O and CoO have exactly the same structure must be stressed. Another important point of the model is that Li^Co^^O is stable and does not transform during cooling. Thus, the presence of about 10% of Co(III) atoms is able to avoid the transformation of CoO into Co 3 0 4 .
Plaques and Powders
The results obtained in the present work for pure Co samples are completely consistent with the behaviour described for pure Co plaques [2] . In that case, however, in Li-containing samples a highly non-stoichiometric Co 3 0 4 phase was present, while here the Co 3 0 4 phase is stoichiometric. The major difference stems from the weight changes measured in plaques and powders. Upon heating up to T f = 800 -r-900 °C, the weight change of plaques was by 15.3% -14.3% lower than calculated for x,: = 0.10 and x Li = 0.20, respectively. After thermal cycling the powders at T f in the 800-900°C range, the weight gain is only 0.6% and 2.6% lower than calculated for the x Li = 0.10 and x Li = 0.20 samples, respectively. It is apparent that powders show a much higher weight increase than plaques do. A binder and an antifoaming agent were mixed to Co and Li 2 C0 3 to obtain plaques. The burnout of these organic substances can be considered complete around 500 °C. Since our measurements show that the Co Co 3 0 4 reaction completes around this temperature (see Figs. 1 and 2) , it follows that Co 3 0 4 formation occurs in plaques, during the organic substances burnout. However, this release does not exert any effect on pure Co plaques; after treatment at T f = 800 °C and T { = 900 °C, they showed exactly the weight gain expected as the powdered samples do. On the contrary, it is apparent that the presence of the organic substances affects the behaviour of Li-containing plaques, probably via an early formation of LiCo0 2 . This might occur because, unlike powders, the plaque becomes quite uniformly covered by LiCo0 2 during Co oxidation, thus hindering oxygen diffusion into the sample and causing incomplete cobalt oxidation to the Co(III) status, and the appearance of oxygen defects. In other words it is likely that the main effect of the burnout of organic substances is to anticipate the Li 2 C0 3 decomposition, and then the LiCo0 2 formation. This suggests that trying to transfer the knowledge from one system to a similar one may be a tricky business.
